Three novel aqueous fluoride surfactants (F4, F6, and F8) and a positive control (10F2S-3I) were applied to bovine enamel and the surface free energy was calculated by measuring the surface contact angles of three liquids: distilled water, α-bromonaphthalene and diiodomethane. The specimens were stored in water for 90 days, and then immersed in acetic acid/sodium acetate. The modified specimens recorded higher contact angles and lower surface free energy immediately after treatment than the control (p<0.05). Less calcium dissolved from the modified enamel surfaces than the control, with the F8-modified specimen registering significantly lower values than those of the F4, F6 and 10F2S-3I groups (p<0.05). These results suggest that the novel aqueous phosphate-type fluoride surfactant F8 is the most effective anti-cariogenic surface modifier.
INTRODUCTION
Public awareness of oral care has grown considerably in recent years in Japan; however, general attention to the prevention of caries and periodontal disease continues to lag, resulting in tooth loss in adults as high as 90%.
It is recognised beyond doubt that caries and periodontal disease are caused by bacterial plaque adhering to tooth surfaces, and that by preventing the accumulation of plaque, we can reduce the incidence of these diseases.
The adhesion of bacterial plaque is affected by the surface free energy of the substrates. There was reported increased adhesion to tooth surfaces with a high surface free energy compared to those with a low surface free energy [1] [2] [3] [4] . Further, Busscher et al. 5) reported that plaque does not easily adhere to teeth with a surface free energy of 50 mN/m or less. These results infer that if we can synthetically create tooth surfaces with a low surface energy, then we will be able to impede the adhesion and accumulation of plaque and consequently reduce the incidence of caries and periodontal disease.
We have developed tooth surface modifiers that decreased the surface free energy and provide acid resistance, and have investigated their application in preventing caries and periodontal disease.
Yoshino et al. 6, 7) synthesized and developed two silane coupling agents: 1H,1H,2H,2H-henicosafluorodod ecyltrimethoxysilane (10F2S-3M) and 1H,1H,2H,2H-hen icosafluorododecyltriisocyanatosilane (10F2S-3I) which contain relatively long fluorocarbon chains. Ogihara et al. 8) and Kurosaka et al. 9, 10) reported the efficaciousness of these silane coupling agents in preventing plaque adhering to resin composite and enamel surfaces. The agent 10F2S-3I proved to be particularly effective on tooth surfaces. However, as this coupling agent contains hydrophobic groups, water cannot be used as a solvent. When using modifiers in the mouth, an aqueous type is far preferable to an organic one.
Kondo et al. 11) have developed two aqueous surfactants: sodium 1-(4-heptadecafluorooctylphenyl) butylphenylphosphate (FH3) and sodium 1-(4-heptadecafluorooctylphenyl)hexylphenylphosphate (FH5). These surfactants have a phosphate as a hydrophilic group, and a fluorocarbon chain and a hydrocarbon chain as hydrophobic groups. Omoto et al. [12] [13] [14] reported that these surfactants decreased surface free energy and imparted acid resistance to the enamel surfaces. However, the modification of the tooth surface was only a short-term effect.
Recently, Miyazawa et al. 15, 16) successfully synthesized three novel aqueous phosphatetype surfactants containing fluorocarbon chains: 1H,1H,2H,2H-perfluorohexylphenylphosphoric acid (F4), 1H,1H,2H,2H-perfluorooctylphenylphosphoric acid (F6), and 1H,1H,2H,2H-perfluoroodecyl phenylphosphoric acid (F8).
The aim of this study was to use these novel aqueous phosphate-type fluoride surfactants to decrease the surface free energy of teeth and minimize enamel dissolution, and thus reduce caries and periodontal disease. However, the surface free energy of all modified groups except 10F2S-3I increased and approached the value of the control at day 90. *All groups were significantly different from the control at p<0.01. # All groups except F4 were significantly different from the control at p<0.01. of the modifying agents are listed in Table 1 . F4, F6, and F8 were adjusted to 20 mmol/L with a 5% ethanol solution, and 10F2S-3I was adjusted to 3 mmol/L with 1,1,2-trichloro-1,1,2-trifluoroethane. 2. Enamel specimens Bovine enamel was cut into 7×7 mm blocks, and the surface was ground (#15,000) with waterproof sandpaper and finished with lapping film using a manual polishing machine under running water. The polished enamel blocks were cleaned ultrasonically for 30 min. The enamel surfaces were analyzed with a surface form measurement analyzer (Surfcom 590A; Tokyo Seimitsu, Tokyo, Japan), and blocks with a surface roughness (Ra) of approximately 0.050 µm were selected.
MATERIALS AND METHODS

Materials
Methods
Measurement of contact angles and surface free energy
Each of the prepared modifiers was applied to the enamel surface with a small brush and left to dry spontaneously at room temperature. The modification procedure was repeated three times. The initial contact angles of the modified enamel surface against distilled water, α-bromonaphthalene (Wako Pure Chemical Co., Osaka, Japan) and diiodomethane (Wako) were measured by the drop method with a Dynamic Contact Angle Meter (DCA-VZ; Kyowa Interface Science, Saitama, Japan) . Each measurement was performed three times. Subsequently, the contact angles of the modified specimens were also measured after storage in distilled water at 37°C for 1, 3, 7, 14, 21, 28, 60, and 90 days. The surface free energy was calculated from each contact angle using the Fowkes formula. The values of the unmodified specimens were used as a control.
Acid resistance test
The specimens were coated with nail varnish except for a circular area 3 mm in diameter on the enamel surface. The specimens were dipped in 10 mL of 0.1 mol/L acetic acid/sodium acetate buffer solution (pH 4.0) and stirred at 200 rpm for 30 min. The specimens were removed, and 1.0 mL of 1% potassium nitrate solution was added to the buffer solution and the calcium concentration released from the enamel specimens in the solution was analyzed with an atomic absorbance analyzer (AA-680; Shimadzu, Kyoto, Japan). The specimens were then coated in 200 Å gold using a Quick Auto Coater (SC-701AT; Sanyu Denshi, Tokyo, Japan) and observed under a scanning electron microscope (Superscan SS-550; Shimadzu, Kyoto, Japan).
The data obtained were analyzed statistically by ANOVA and Fisher PLSD analysis at p<0.01. has the longest fluorocarbon chain in this study. The enamel surface of the control appeared rougher than the surfaces of F4-, F6-, F8-or 10F2S-3I-modified specimens. The F8 enamel surface was smoother than the F4, F6, and 10F2S-3I enamel surfaces.
RESULTS
Contact angle and surface free energy
The initial mean contact angles of the control group were measured as 38° for distilled water, 11° for α-bromonaphthalene, and 23° for diiodomethane respectively. The contact angles of the 10F2S-3I-modified group were significantly higher than those of the control at p<0.01, and showed no significant reduction after 90 days of water immersion (p<0.01). The contact angles of F4-and F6-modified groups decreased rapidly within 3 days of entering the post-immersion period, but the angles of both groups maintained significantly higher values than the control until 21 days at p<0.01. The contact angles of the F8-modified specimens remained at a high value for 7 days and were significantly higher than those of the control up to 60 days (p<0.01). The surface free energy values calculated from each of the contact angles using the Fowkes formula are shown in Fig. 1 . Before immersion in water, the surface free energy of the F4-, F6-, F8-, and 10F2S-3I-modified groups were 24 mN/m, 4 mN/m, 27 mN/m and 10 mN/m respectively. These values are significantly different from the control (65 mN/m) (p<0.01). The 10F2S-3I group showed a rapid increase in surface energy in the first 3 days, but was the lowest of all the groups at 90 days (p<0.01). The energy values of the F4 and F6 groups increased rapidly in the first 3 days, but the F8-modified group was lower than F4 and F6 at 7 days.
Acid resistance test
The amounts of calcium dissolved from both modified and unmodified enamels are shown in Fig. 2 . The respective mean amounts of calcium dissolution from F4-, F6-, F8-, and 10F2S-3I-modified groups were 0.16 µmol/L, 0.11 µmol/L, 0.05 µmol/L, and 0.16 µmol/L. These were significantly lower than that of the control at 0.20 µmol/L (p<0.01). Moreover, the F6-and F8-modified groups were significantly lower than the 10F2S-3I group (p<0.01). Figure 3 shows scanning electron microscope images of the enamel surfaces after the acid resistance test. The control specimen shows significant acid demineralization and a rougher surface than the modified specimens. The surface of the F8-modified specimen shows less demineralization, and is smoother than those of the F4-, F6-or 10F2S-3I-modified specimens.
DISCUSSION
Surfactant molecules generally contain both hydrophilic and hydrophobic groups. When surfactants bind to various solid surfaces, their interfacial character or surface tension changes. There are four kinds of surfactants categorized by their hydrophilic groupings: anionic, cationic, nonionic and ampholytic. Anionic surfactants are the most commonly used, e.g. detergents, including soaps 17) . The phosphate-type fluoride surfactants (F4, F6, and F8) used in this study are anionic surfactants; they have phosphate as the hydrophilic group and a fluorocarbon chain as the hydrophobic group 11) . Fluorine is the most electronegative element, having an electronegativity value of 4.0. Due to the short C-F bond distance and the high energy of the bond, the C-C chain of the fluorocarbon is compactly arranged by fluorine atoms. The interaction between fluorocarbon molecules is extremely weak, thus producing excellent oxidation resistance as well as stability 6) . The surface free energy of solid surfaces modified by surfactants with fluorocarbon chains is remarkably low 18, 19) . Further, because these novel surfactants do not have the hydrolysis groups that are present in silane coupling agents, water can be used as a solvent. Since tooth surface bonding is possible without the process of hydrolysis, these surfactants can be used over a wide range of applications, providing excellent operability and ease of use within the mouth.
The contact angles of the modified enamel surfaces immediately after modification were much higher than those of the control. In the case of the F4, F6, and F8 modified specimens for distilled water, α-bromonaphthalene and diiodomethane, their contact angles were 3, 10, and 4 times that of the control respectively. The novel surfactants showed good water and oil repellency. The phosphate group as the hydrophilic group in the surfactants has a strong affinity for calcium as in dental adhesives. When the phosphate group bonds with calcium, it is thought that fluorocarbon chains in the molecules cover the surface and hence, give excellent water and oil repellency.
The contact angles of the silane coupling agent 10F2S-3I also exhibited excellent water and oil repellency. This may be because a -Si-O-bond or hydrogen bond forms when the hydrophilic isocyanato group of 10F2S-3I reacts with the hydroxyl group on the enamel surface and then condenses or reacts with the phosphoric ion on the hydroxyapatite 20) . In addition, siloxane networks form between the 10F2S-3I molecules by hydrolysis, leading to the formation of hydrophobic polymer layers with fluoroalkyl chains on the surface.
The contact angles of water and oil to all modified enamels rapidly decreased after being in water at 37°C, resulting in increased surface free energy. This may have occurred because storage in water resulted in removal of the modifiers. The bond between the hydrophilic group of the surfactants and the enamel surface is ionic, and the durability of the modification effect is greatly affected by the stability of the bond. The surfactant with the longest fluorocarbon chain (F8), however, had higher contact angles and lower surface free energy than the other surfactants. It may be that the length of its chain affected the modification effect. The 10F2S-3I group maintained the lowest surface free energy. The water resistance of the modified surface may have been due to the formation of a siloxane network. Busscher et al. 5) reported that the bacterial plaque does not easily adhere to a tooth surface with a surface free energy of 50 mN/m or less. 10F2S-3I-modified enamel maintained a surface free energy of less than 50 mN/m for the entire storage period, while the F8-modified enamels maintained a surface free energy of under 50 mN/m only until day 3. However, since 10F2S-3I contains hydrolytic groups, water cannot be used as a solvent. By contrast, F4, F6, and F8 are aqueous surfactants and are therefore water soluble, making their use in the fabrication of a toothpaste mixture distinctly possible.
All modified enamel specimens showed significantly less demineralization than the control. The F8-modified enamel had the least demineralization overall: about a quarter of that of the control. This surfactant is highly compatible with calcium phosphate and binds readily to calcium on the enamel surface. The aligned fluorocarbon chain prevents acid (H + ) invasion and demineralization of the enamel, thus providing good acid resistance.
Despite the 10F2S-3I-modified enamel having the longest fluorocarbon chain and lowest surface free energy, the modification effect did not meet our expectations. Although the 10F2S-3I condensed with the hydroxyl group on the enamel, the hydroxyl groups did not align evenly over the surface, allowing acid to penetrate into the defective areas and cause demineralization.
SEM observations after acid resistance testing showed that the surfaces of the modified enamel were smooth when compared to the control. The F8-modified enamel exhibited the smoothest surface.
CONCLUSION
The modified effect of novel aqueous phosphate-type surfactants containing fluorocarbon chains were evaluated with respect to the enamel surface free energy and dissolution. From the results obtained, it was suggested that the 8F surfactant is the most effective anti-cariogenic surface modifier.
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